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Abstract: Age associated immune dysregulation results in a pro-inflammatory state and increased susceptibility to 
infections and autoimmune diseases. Studies show that signaling initiated at the T cell antigen receptor (TCR) is impaired 
in CD4^ T cells from old compared to young mice. Here we examined TCR-inducible gene expression changes in CD4^ T cells 
during human aging. We reveal a dichotomy in gene expression mediated by the inducible transcription factor NF-kB. 
Most NF-kB target genes are not induced in a sustained manner in cells derived from older compared to younger individuals. 
However, a subset of NF-kB target genes including genes associated with chronic pro-inflammatory state in the elderly, such 
as interleukin 1 and 6, continue to be up-regulated even in the absence of NF-kB induction. In addition, we identify other 
widespread changes in gene expression between cells derived from older and younger individuals. Surprisingly, many of the 
most noteworthy age-associated changes in human CD4^ T cells differ from those seen in murine models. Our studies provide 
the first view of age-associated alteration of TCR-inducible gene expression in human CD4^ T cells. 



INTRODUCTION 

Human aging is associated with chronic low-grade 
inflammation marked by increased levels of pro- 
inflammatory cytokines IL-1, IL-6 and TNFa [1-3]. 
Elevated levels of these inflammatory markers are 
powerful risk factors for accelerated decline of physical 
and cognitive function, and mortality. Because genes 
encoding these cytokines are targets of the transcription 
factor NF-kB, it has been suggested that dysregulation 
of this factor is a central feature of the aging process [4, 
5]. The most prominent role of NF-kB is as an 
inducible transcription factor [6, 7]. In the immune 
system, NF-kB is activated in response to antigen 
receptor signals, to Toll-like receptor signals and to a 



variety of cytokines. Additionally, reactive oxygen 
species (ROS) are potent activators of NF-kB in diverse 
cell type [8, 9]. The connection to ROS provides 
another possible link between NF-kB and aging [10]. 
Biochemical evidence for alteration of NF-kB during 
aging was first obtained in rodents where NF-kB DNA 
binding was shown to be elevated in tissues from older 
animals [11-14]. More recently, elevated basal NF-kB 
has also been detected in primary human dendritic cells, 
endothelial cells, and in skeletal muscle [15-17]. 
However, the effect of increased basal NF-kB on gene 
expression has not been examined in most cases. 

Surprisingly few studies have coordinately examined 
the effect of age on NF-kB induction and NF-kB- 
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dependent inducible gene expression. In their 
pioneering studies, Ponnapan and colleagues showed 
that TNFa-induced NF-kB DNA binding activity was 
impaired in T lymphocytes isolated from the elderly 
[18, 19]. However, NF-KB-dependent changes in gene 
expression were not examined in these studies. More 
recently, Huang et al. found that CD4^ T cells from 
older mice produced higher levels of pro-inflammatory 
IL-17 and IL-6 in response to TCR signaling [20]. This 
effect was reduced by anti-oxidants and 
pharmacological inhibitors of canonical NF-kB 
activation, leading to the proposal that NF-kB responses 
were increased with age. The contrasting observations 
in these papers could be due to differences in the 
activating stimuli (TNFa versus anti-CD3 and anti- 
CD28), differences between murine and human cells, or 
differences in responses between CD4^ and total T cells. 
Because immune impairment remains a key health issue 
in the elderly, it is imperative to clarify molecular 
mechanisms that contribute to age-associated reduction 
in immune responses. 

Several earlier studies, mostly with murine 
lymphocytes, have shown that TCR signaling is 
defective in T cells obtained from older mice [21, 22]. 
These defects include reduced synapse formation and 
TCR recruitment to plasma membrane rafts, and 
reduced activation of cytoplasmic MAP kinase 
signaling. However, few studies have connected the 
consequences of age-associated TCR signaling defects 
to changes in inducible gene expression. Han et al. 
studied the TCR responsiveness of total CD3" T cells 
from young and old mice [23]. They found that IFNy 
was induced to significantly higher levels in cells from 
old mice, whereas MlP-la and MIP-lp (CCL3 and 
CCL4, respectively) induction was somewhat higher in 
the older cells. Analysis of the CD4^ compartment by 
Yung and colleagues showed that certain chemokines 
(such as RANTES, MlP-la and MIP-ip) and 
chemokine receptors (such as CCR2, CCR5 and 
CXCR5) were expressed at higher levels in 
unstimulated cells from old mice [24, 25]. However, 
long-term stimulation via the TCR showed comparable 
changes in cells from young or old mice in these 
studies. Recently, Mirza et al. carried out a 
comprehensive analysis of inducible gene expression in 
naive murine CD4^ T cells obtained from young and old 
mice [26]. Genes and pathways that were affected with 
age included those associated with cell cycle, cell death, 
and inflammation. Chemokine genes that were up- 
regulated with age included CCL3 and 4, CCLl and 77 
and CXCL9 and 11. Cytokine genes that were up- 
regulated with age included IL-4 and IL-10 and IFN-y. 
Despite the variations, these studies demonstrate that 
TCR signaling defects translate into gene expression 



defects in T lymphocytes from old mice. 
Corresponding studies of human aging are lacking. 
Here we use biochemical assays and genome-wide 
RNA profiling to provide the first analysis of age- 
associated alterations in TCR-inducible gene expression 
in human CD4^ cells. Subjects for these studies were 
selected from the Baltimore Longitudinal Studies on 
Aging (BLSA), which has strict health criteria for 
enrollment eligibility. Additionally, cells were obtained 
from individuals not included in the BLSA but selected 
according to the same strict criteria for healthy status. 
Because of the exceptional health status of this 
population, changes seen in these populations can be 
confidentially attributed to aging per se. 

Time-dependent response to T cell receptor stimulation 
showed that NF-kB induction was not sustained in 
CD4^ T cells from older donors. Gene expression 
analysis revealed a dichotomy in the regulation of NF- 
kB target genes. Activation of most target genes was 
not sustained in the older cohort, thereby closely 
recapitulating the biochemical studies. However, a 
subset of target genes, including IL-6, were hyper- 
activated in cells from older donors. In addition, 
activation or repression of numerous other genes was 
affected in the older cohorts. These observations define 
the functional consequences of dysregulated TCR 
signaling that accompany human aging and may, in 
part, explain the simultaneous occurrence of low grade 
chronic infiammation coupled with reduced immune 
responses in the elderly. 

RESULTS 

We purified CD4^ T cells from 3 1 donors of age range 
25-81 years (see Figure SI and Table SI), and activated 
them with plate-bound anti-CD3 antibodies for 2h and 
4h prior to preparation of nuclear and cytoplasmic 
extracts, and RNA. As controls, we used cells 
incubated for 4h at 37° in the absence of anti-CD3. We 
used anti-CD3 as an activating stimulus rather than IL-1 
or TNFa in order to gain insight about age-associated 
attenuation of antigen-specific immune responses; the 
times of activation were chosen to limit the analysis to 
primary effects of TCR signaling. We first analyzed the 
response of the transcription factor NF-kB to TCR 
activation. Nuclear extracts were fractionated by SDS- 
PAGE, transferred to PVDF membranes and assayed for 
p65/RelA induction by immunoblotting (Figure lA). 
To normalize between extracts we examined several 
ubiquitous proteins such as SPl, P-actin, TBP. We 
found that all of these were suitable for comparing 
extracts from one individual, but varied too much to 
compare between individuals (Figures S2A, S2B). To 
get an absolute measure of nuclear p65/RelA 
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expression, we used a standard set of p65/RelA- 
expressing extracts (Figure S2C). 

We compared nuclear p65/RelA induction in cells 
obtained from donors <65 years (Y) to >65 years (O). In 
the younger cohort, TCR activation resulted in a time- 
dependent increase of nuclear p65/RelA in both the 0-2 
hour and 2-4 hour intervals (Figure IB, Table S2, S3, 
S4). However, in the older group nuclear p65/RelA 



levels were not significantly different between 2h and 4h 
of activation. The same trend was also noted when total 
nuclear p65/RelA levels were compared between these 
age groups (Figure S3A). Because Y and O cells induced 
nuclear p65/RelA equally at 2h but not at 4h, we 
conclude that NF-kB activation in response to TCR 
stimulation is not effectively sustained in older 
individuals. During this activation time-course we did 
not observe nuclear induction of Rel. 
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Figure 1. NF-kB p65/RelA nuclear expression in human 
peripheral blood CD4^ T lymphocytes activated via the 
T cell antigen receptor. Purified CD4^ T cells were incubated 
at 37°C with plate-bound anti-CD3 for 2h or 4h; control cells 
were incubated for 4h without additional treatnnent. (A) 
Nuclear extracts (NE) were fractionated by SDS-PAGE, 
transferred to PVDF nnembranes and probed with antibodies 
directed against p65/RelA, transcription factors SPl and TATA 
binding protein (TBP), or p actin. p65/RelA levels fronn 3 
donors were connpared to varying concentrations of a control 
cytoplasnnic extract (CE). Induced p65/RelA levels in all 29 
donors are shown in Table S3. (B) Fold-increase of nuclear 
p65/RelA treated cells was calculated relative to the levels in 
untreated cells (Table S4). The average fold increase of 
nuclear p65/RelA for 29 donors after 2h or 4h activation 
separated by subjects less than 65 years (Y) and 65 and over 
(0) is shown in the graph, p-values shown above bar graphs 
connpare the fold induction between 2h and 4h of activation in 
Y and 0 groups, and were deternnined by Student's test 
(p<0.05 was considered as significant). Error bars reflect the 
standard error of the nnean (±SEM) (in young 0.41; 0.52) (in old 
0.38; 0.39). (C) Fold-increase of nuclear p65/RelA treated cells 
was calculated relative to the levels in untreated cells (Table 
S4). The average fold increase of nuclear p65/RelA for 21 
donors after 2h or 4h activation separated by subjects 50-64 
years (M) and 65 and over (0) is shown in the graph, p-values 
shown above bar graphs connpare the fold induction between 
2h and 4h of activation in M and 0 groups, and were 
determined by Student's test (p<0.05 was considered as 
significant). Error bars reflect the standard error of the nnean 
(±SEM) (in middle 0.66; 0.83) (in old 0.38; 0.39). 
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It is well-recognized that CD4 T cell subsets in 
peripheral blood change with age [27]. Notably, the 
proportion of naive CD4^ T cells (expressing CD45RA 
antigen) decrease and the proportion of memory CD4^ 
T (expressing CD4R0 antigen) increase with age. 
These changes stabilize within the third decade of life 
[28]. Accordingly, we did not observe significant 
differences in the RA/RO ratio in our cohort (Figure 
SIE). However, to circumvent possible effects of 



changing CD4 T cell subsets we also compared NF-kB 
responsiveness in the >65 cohort with cells obtained 
from 50-64 year old donors. We found that NF-kB 
induction increased between 2h and 4h of activation 
even in this middle-aged group (M) (Figures IC, S3B). 
We conclude that the observed difference in NF-kB 
responsiveness between the 50-64 age group and the 
>65 group reflects a true reduction in the response of 
the CD4^ cells obtained from older donors. 
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Figure 2. Age-associated alterations in NF-KB-dependent gene regulation in activated human peripheral blood CD4^ T 
lymphocytes. Total RNA was prepared from CD4^ T cells incubated at 37°C for 4h without further treatment, or treated with plate- 
bound anti-CD3 for 2h and 4h. Fluorescently labeled cRNA was hybridized to lllumina HumanRef-8 Expression BeadChip as described in 
the Methods Section. A, B, C left panels. Normalized hybridization data was analyzed using Parametric Analysis of Gene Set Enrichment 
(PAGE) (Broad Institute, M.I.T., Cambridge MA). Pathway Z-scores were averaged amongst less than 65 (Y), 50-64 (M), 65 and older (0) 
subjects. Pathways that were up-regulated after 2h or 4h of activation compared to untreated cells were first determined (Figure S4A). 
Thereafter, the top 20 pathways that continued to be up-regulated between 2h and 4h of activation were identified (y axis). The Z- 
score difference between 2h and 4h of activation is indicated in the x axis. Right panels 'NF-kB induced' pathway genes that were 
altered between 2h and 4h of activation are listed (y axis); Z-ratios for the difference in expression between 2h and 4h are shown on 
the X axis. Positive numbers indicate genes that are up-regulated between 2h and 4h; negative numbers denote genes that are down- 
regulated between 2h and 4h. Z-ratio values were greater than 1.5, p-values for all genes were <0.05. 
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Figure 3. Age-associated alterations in TCR-inducible gene expression in human peripheral blood CD4^ T cells. Total 
RNA prepared from anti-CD3 stimulated cells for the indicated times was converted to cRNA and hybridized to lllumina HumanRef-8 
Expression BeadChip as described in Methods. The average expression level for each gene in the younger group (<65) was 
compared to the expression level for each gene in the older group (>65). Genes whose average expression in Y and 0 groups 
differed by a Z-ratio >1.5, and p-value <0.05 were classified as being significantly different. The top 50 differentially up- (red) and 
down- (green) regulated genes after 2h (A) and 4h (B) of activation are shown. The total number of differentially up-regulated 
genes were 156 (2h) and 128 (4h). The total number of differentially down-regulated genes were 132 (2h) and 170 (4h). 
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To examine the transcriptional response to anti-CD3 
treatment, we analyzed RNA obtained from these cells 
using Illumina microarrays. PAGE analysis of the 
normalized data sets showed that the 'NF-KB-induced' 
pathway was the most prominent one induced after 2h 
or 4h anti-CD3 treatment regardless of age (Figure 
S4A), thereby validating the choice of activation times 
for functional analysis of NF-kB responses. Within the 
NF-kB induced pathway, cytokine and chemokine 
genes were amongst the most highly activated genes at 
both time points, and in both subject groups (Figure S4B, 
S4C). The pattern of nuclear RelA induction predicted 
that NF-KB-dependent gene expression would continue to 
increase between 2h and 4h of activation in the younger, 
but not older, participants. To test this, we evaluated 
pathway changes that occurred between 2h and 4h of 
activation. Though, 17 out of the top 20 pathways that 
increased between 2h and 4h of activation remained the 
same in the two age groups, we found that the 'NF-kB 
induced' pathway increased significantly only in the 
young group (Figure 2A) but not the old group (Figure 
2C). Pathway analysis comparing 50-64 year old donors 
to the > 65 group showed the same pattern (Figure 2B). 
We conclude that NF-kB transcriptional function is not 
sustained in activated CD4^ T cells from the elderly, 
thereby correlating closely with the biochemical assays 
of NF-kB induction. 

To critically test the idea that NF-kB activation was not 
sustained in the elderly, we identified putative NF-kB 
target genes that were induced between 2h and 4h of 
activation. We found that in the younger and middle- 
age cohorts, 18 genes within this pathway were 
significantly up-regulated between 2h and 4h, whereas 
only 10 genes were significantly up-regulated in the 
older group (Figure 2A-C). Prominently missing from 
the older group were genes encoding CXCLIO, 
TNFAIP2, CCL2, CXCL5, and IL-la. Moreover, 
several genes that continued to be up-regulated in the 
older group had lower Z ratios than the same genes in 
the younger group. These genes included CXCLll (Z- 
ratio(O) = 8.02; Z-ratio (Y) = 10.54); GBPl (Z-ratio(O) 
= 6.14; Z-ratio(Y) = 8.51) , and SERPINB2 (Z-ratio (O) 
= 3.6; Z-ratio (Y) = 4.51). Thus, more than half of "NF- 
KB-induced" genes that were up-regulated between 2h 
and 4h in the younger group were attenuated in the 
older group. Together, this set of genes identified the 
transcriptional consequences of the lack of continued 
NF-kB activation in response to TCR stimulation in 
CD4^ T cells from older donors. 

Interestingly, not all NF-kB target genes were reduced 
in expression between 2h and 4h of activation in the 
older cohort. Of particular interest, expression of IL-6, 
CXCLl, CXCLll, and IL-15 continued to increase in 



CD4 T cells from older individuals. Continued up- 
regulation of these genes in the absence of sustained 
NF-kB induction revealed regulatory differences 
between classes of NF-kB target genes. While 
expression of many target genes correlated well with 
NF-kB inducibility, others deviated considerably. This 
dichotomy was especially apparent in samples from 
older donors. We note that many of the discordantly 
regulated genes have been previously associated with 
aging. Serum IL-6 levels increase in the elderly [2, 3], 
yet several genome-wide analyses of aging tissues from 
humans and mice failed to uncover the source of 
systemic IL-6 [29-34]. Our observations suggest that 
inefficient down-regulation of IL-6 during T cell 
immune responses in the elderly may be one source of 
age-associated IL-6. Along with IL-6, CXCLl is one of 
the cytokines associated with senescence-associated 
secretory program (SASP) [35, 36]. It is intriguing that 
TCR activation of CD4^ T cells from older individuals 
induces some aspects of SASP. Finally, elevated IL-15 
levels have been noted in age-associated osteoarthritis 
and very old individuals [37, 38]. 

To more broadly identify age-associated changes in 
response to TCR signaling we compared the pattern of 
inducible gene expression in cells from the Y and O age 
groups activated for 2h or 4h. At both activation time 
points, many genes were differentially expressed in the 
two groups; the top 50 genes up-or-down regulated in the 
> 65 group compared to the < 65 group are shown in 
Figure 3. Only a small proportion of these genes fell in 
the NF-kB induced category showing that many other 
pathways were also affected in cells from older donors. 
Putative NF-kB target genes that were consistently up- 
regulated in cells from older individuals included the 
cytokines IL-la and IL-6. Additionally, up-regulation of 
GZMH, which is normally restricted to NK and CD8 
cells, in cells from older individuals was interesting from 
the perspective that aged lymphocytes are known to 
express NK cell-specific cell surface receptors [39, 40]. 
Thus, older CD4 ^ T cells express several aspects of the 
NK cell gene program. The combination of NK 
receptors and GZMH may permit cytolytic activity of 
such cells. 

We further probed the nature of age-associated changes 
in TCR inducible gene expression. One perspective 
was provided by investigating the induction 
characteristics of genes whose expression was 
significantly different between Y and O cells after 2h 
activation (Figure 4, 20-2Y). Amongst genes that were 
over expressed in the O group after 2h anti-CD3 
treatment (Figure 4, 20-2Y), we found 23 genes that 
were significantly induced in both Y and O groups 
(Figure 4, red box); our interpretation is that these genes 
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Figure 4. Age-associated changes in induction cha- 
racteristics of differentially expressed genes. Top 50 

differentially up- (red) and down- (green) regulated genes in 
CD4+ T cells from Old (0) (>65) and Young (Y) (<65) donors 
after 2h TCR activation. These genes were selected based 
on the absolute value of the Z-ratios annong the statistically 
significant selected genes (20-2Y, colunnn 1), 0 (colunnn 2) 
and the Y (colunnn 3). Genes highlighted within the red box 
were induced in both 0 and Y groups, the green box were 
repressed in both 0 and Y groups, the blue box genes were 
induced in Y but not in 0 groups, and the yellow box were 
repressed in Y not in the 0 group. 
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are hyper-induced in the O group. Conversely, amongst 
genes whose expression was attenuated in the O group 
after 2h of anti-CD3 treatment, we found 12 genes that 
were repressed in both groups (Figure 4 green box); we 
infer that these genes are hyper-repressed in the O group. 
Additionally, we found genes that were induced in Y but 
not in O and thereby fell in the down-regulated category 
in a comparison of O and Y after 2h activation (Figure 4, 
blue box). Conversely, some genes that were turned 
down in response to TCR signaling in Y but not in O fell 
in the up-regulated category in the comparison of O and 
Y after 2h activation (Figure 4 yellow box). Thus, age- 
associated alterations in TCR signaling are reflected in 
complex transcriptional responses that affect inducible 
gene activation as well as repression. Similar categories 
could be seen after 4h anti-CD3 treatment (Figure S5). 

DISCUSSION 

Our studies provide the first view of age-associated 
alteration of inducible gene regulation in response to 
TCR signaling in human CD4^ T cells. We used short- 
term anti-CD3 activation to focus on direct 
consequences of TCR signaling and, in particular, on 
the effects of age on NF-kB induction and NF-kB 
dependent gene expression. Using cells obtained from 
cytapheresis of subjects enrolled in the Baltimore 
Longitudinal Study on Aging, we show that NF-kB 
RelA nuclear translocation was induced similarly in 
CD4^ T cells from young and old subjects, but 
induction was not sustained in cells from older 
individuals. The biochemical data was reflected in 
reduced induction of putative NF-kB target gene 
transcription in the older cohort. However, mRNA 
levels of a subset of NF-kB target genes continued to 
increase in the elderly even after nuclear RelA levels 
reached a plateau. These observations indicate that age- 
associated NF-kB dysregulation differentially impacts 
different sets of NF-kB target genes. Importantly, we 
found that NF-kB target genes that were over-expressed 
in the older group included genes that have been 
implicated in age-associated chronic inflammation such 
as IL-6, IL-1 and IL-15, and those involved in cellular 
senescence such as CXCLl. In the course of the 
biochemical studies, we also showed that standard 
normalization proteins, such as actin or the transcription 
factors SPl and TBP, vary sufficiently between subjects 
that they cannot be used to compare between 
individuals. 

Although our studies were conducted with a mixed 
population of CD4^ naive and memory cells, we believe 
that the age-associated changes noted here do not reflect 
differences in responsiveness of naive and memory 
cells. Firstly, the changes in putative NF-KB-dependent 



genes were apparent in a comparison between middle- 
aged and older donors where the population of naive 
and memory cells are very similar. Secondly, the genes 
that we propose to be differentially regulated with aging 
were not identifled as being differentially expressed in 
naive and memory CD4^ T cells in earlier studies [41, 
42]. We therefore propose that dysregulation of genes 
such as IL-1, IL-6 and IL-15 reflect true age-associated 
changes in CD4" T cell responses. Whether these 
changes occur in one or both subsets of CD4^ T cell 
remains to be determined. 

We propose that the differential effect on NF-kB target 
genes may, in part, explain the co-existence in older 
individuals of a background mild pro-inflammatory 
state and reduced ability to mount inflammatory 
immune responses. We suggest that those NF-kB target 
genes that require continued NF-kB activation 
contribute to effective immune response, for example, 
via activation of chemokines and their receptors. 
Reduced expression of such genes would result in 
impaired immunity in the elderly. At the same time, 
some NF-kB target genes such as IL-6, IL-1, and IL-15 
appear not to be exclusively dependent on NF-kB levels 
and, in some cases, are even hyper-induced in cells 
from older individuals. We suggest that this form of 
dysregulation may contribute over time to chronic 
inflammation seen in the elderly. An important 
corollary of the hypothesis is that understanding the 
regulatory differences between the two kinds of NF-KB- 
dependent gene transcription may provide insights into 
the origins of age-associated chronic inflammation. 
Additionally, our observations implicate CD4^ T cells 
as one source of age-associated inflammatory cytokines. 

The majority of genes that were differentially expressed 
in activated cells from older individuals were not 
classiflable as NF-kB target genes. Clearly, inducible 
gene expression mediated by transcription factors other 
than NF-kB is also affected by age. The altered patterns 
of gene expression arose in different ways. For 
example, genes that were up-regulated in O compared 
to Y after 2h activation included genes that were 
induced to higher levels in O than in Y (hyper-induced) 
or genes that were inducibly suppressed in Y but not in 
O. Conversely, genes that were down- regulated in O 
compared to Y after 2h activation included genes that 
were repressed more in O than in Y (hyperrepressed) or 
genes that were activated in Y but not in O. The 
aggregate of these different kinds of changes results in 
widespread alterations of gene expression in TCR- 
activated CD4^ T cells from older individuals. It will be 
important to identify which changes are most important 
in contributing to the overall attenuation of CD4^ T cell 
responses in the elderly. 
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Finally, it is interesting to compare our results in human 
CD4^ T cells with those of earlier studies that examined 
age-associated inducible gene expression in murine T 
cells, particularly with regard to inflammation-related 
genes. Despite the use of different T cell populations, 
up-regulation of the chemokines CCL3 and CCL4 and 
the cytokine IFN-y was noted in several of the murine 
studies [23, 24, 26]. Additionally, up-regulation of the 
cytokines IL-4, IL-10, and IL-17 was noted in a 
different subset of mouse studies [20, 26]. However, 
these genes did not score as being differentially 
expressed in human CD4^ T cells from older individuals 
at least at the activation time points used here. Instead, 
we found IL-la, IL-6 to be prominently up-regulated in 
human CD4^ T cells from older individuals. A common 
feature between the mouse and human studies was the 
differential up-regulation of CXCL9 and CXCLll in the 
older cohorts. These differences highlight the 
importance of continued analysis of human samples for 
the study of aging. 

METHODS 

Subjects. 31 donors (Table SI) of age range 25-81 years 
(17 male and 14 female) were enrolled in this study. All 
blood samples were taken after permission from the 
individuals in the study. The subjects for this study 
were selected from the Baltimore Longitudinal Study on 
Aging (BLSA). BLSA participants are volunteers that at 
the time of study enrollment are "healthy" based on 
very strict eligibility criteria, which include no major 
chronic diseases (such as coronary heart disease, 
congestive heart failure, peripheral artery disease, 
cancer, chronic pulmonary diseases, diabetes, severe 
osteoarthritis and others), no chronic drug treatment 
except low dose Aspirin, antihypertensive drugs and 
statins, no mobility impairment and or disability (ability 
to walk 400 meters without stopping and without 
developing symptoms), no cognitive impairment (Mini 
Mental State Examination score >26 and less that 3 
errors in the Blessed Mental Status), no joint 
replacement, no osteoporotic fractures. Thus, BLSA 
participants tend to be healthier than the general 
population. In addition, this study required a large 
quantity of WBC that could only be obtained by 
cytapheresis. Eligibility for cytapheresis in the BLSA is 
based on even more strict criteria based on the 
American Association for Blood Bank Criteria for 
whole blood donation. Thus, participants in this study 
were exceptionally healthy, and therefore, the difference 
between the two groups should be attributable to aging 
"per se". BLSA has continuing approval from the 
Institutional Review Board of the MedStar Research 
Institute. Participants provided informed consent for all 
analyses included in this study. 



Cell preparation. Peripheral blood mononuclear cells 
(PBMC) were isolated from heparinized blood using 
Ficoll-Paque Plus (GE Healthcare) density gradient 
centrifugation. Cells were washed 3-4 times in 
phosphate buffered saline (PBS) at room temperature 
prior to purification of CD4^ T cells by positive 
selection using anti-human CD4 microbeads (Miltenyi 
Biotec). The purity of CD4^ T cells used in this study 
typically ranged from 80-94 % as determined by flow 
cytometry after gating out debris and dead cells (Figure 
SI and summarized in Table SI). Two samples out of 
the 31 had lower CD4^ purity (64% and 76%). Cell 
viability as determined by trypan blue dye exclusion 
was greater than 90%). 

CD4^ T cell activation. Six well plates were incubated 
with rabbit anti-mouse IgG (20jLig/ml) (Zymed 
Laboratories Inc.) overnight at 4^C. Plates were rinsed 
with cold PBS twice and once with RPMI 1640 medium 
followed by adding of anti-CD3 mAb (2jLig/ml) (BD 
PharMingen) incubated 2h at 37^C. 6x10^ CD4^ T cells 
in 18 ml culture medium were added to Ab-coated 
plates. Control cells were plated in dishes that did not 
contain anti-CD3 mAb. Cells were incubated for 0, 2, 4 
h in 5% CO2 at 37^ C. Cells were collected by 
centrifugation and used to prepare nuclear (NE) and 
cytoplasmic extracts (CE) as described previously [43, 
44]. 

Western blotting. Extracts were fractionated by 
electrophoresis through 10%) SDS-poly-acrylamide gels, 
transferred to Immuno-Blot PVDF membranes (Bio- 
Rad) and probed with primary antibody [NF-kB p65 (C- 
20) rAB at 1:1000 (Santa Cruz), Spl (H-225) rAB at 
1:1000 (Santa Cruz), TBP mAB at 1:500 (Abeam), beta 
actin mAb at 1:1000 (Abeam)]. Antibody-bound 
proteins were detected after treatment of membrane 
with horseradish peroxidase-conjugated goat anti-rabbit 
IgG, or rabbit anti-mouse IgG followed by visualization 
using enhanced chemiluminescence (ECL Pierce). 
Quantitation analysis was performed with Image Quant 
computer program (GE Healthcare). 

Quantification of p65/RelA levels. Control proteins 
(SPl, p-actin and TBP) were used to compare between 
extracts from the same individual (Fig. S2A). Levels of 
all three proteins varied sufficiently between individuals 
(Fig. S2B) to preclude any meaningful inter-individual 
comparisons. Equal amounts of nuclear extracts were 
used and the level of RelA compared to a serially 
diluted control extract (Fig. S2C and Table S2). After 
autoradiography films scanned using Epson Perfection 
4990 Photo scanner and the image imported into Image 
Quant TL (GE Healthcare). Quantitation of p65/RelA 
and control proteins was carried out in accordance with 
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the manufacturer's instruction for quantity calibration. 
A standard curve based on the intensity of control 
cytosolic extracts was plotted, from which absolute 
levels of p65/RelA in test nuclear extracts were 
calculated for each sample (expressed in arbitrary 
units). Data are presented in Table S3 and S4. For 
statistical analysis, Student's t-tests (paired or unpaired) 
were used (p<0.05 was considered as significant). 

Total RNA purification. Total RNA was extracted from 
frozen cell pellets (5x10^ cells) using the Qiagen 
RNeasy Mini Kit (QIAGEN Inc, Valencia, CA, USA). 
Prior to microarray analysis the RNA quality and 
quantity were checked using an Agilent 2100 bio- 
analyzer and RNA nano chips. 

Total RNA purification and microarray hybridizations. 
Total RNA extracted from frozen cell pellets (5x10^ 
cells) using the Qiagen RNeasy Mini Kit (QIAGEN Inc) 
was used to generate biotin-labeled cRNA using the 
Illumina TotalPrep RNA Amplification Kit (Ambion) 
according to the manufacturer's recommendation. A 
total of 0.75 jLig of biotin-labeled cRNA was hybridized 
at 58^C for 16 hours to Illumina's Sentrix HumanRef-8 
Expression BeadChips (Illumina). The arrays were 
washed, blocked and the labeled cRNA was detected by 
staining with streptavidin-Cy3 . The arrays were 
scanned using an Illumina BeadStation 500X Genetic 
Analysis Systems scanner and the image data extracted 
using Illumina BeadStudio software, version 3.0. 

Microarray data analysis. Microarray data was analyzed 
using DIANE 6.0, a spreadsheet-based microarray 
analysis program based on SAS JMP7.0 system [45]. 
Raw microarray data were subjected to filtering by the 
detection /^-values and than normalized by Z-transform 
with log signal values; the data are further tested for 
significant changes as previously described [46]. The 
sample quality was first analyzed by scatter plots, 
principal component analysis, and gene sample Z-score 
based hierarchy clustering to exclude possible outliners. 
One-way independent samples ANOVA test was used 
to eliminate the genes with larger variances within each 
comparison group with p value cutoff 0.05. Individual 
genes with t-test /?-value < 0.05, absolute value of Z- 
ratio > 1.5 and fdr < 0.3 and with no negative average 
Z-score across samples were considered significantly 
changed. Hierarchical clustering/K-means clustering 
and Principal Components Analysis (PCA) was 
performed to identify clustering within groups. Array 
data for each experimental donor was also originally 
hierarchically clustered in Illumina Bead Studio version 
2.0. All of the results were presented graphically as 
well as by spreadsheets. 



The Parametric Analysis of Gene Enrichment (PAGE) 
algorithm [47] was employed for gene set enrichment 
analysis by using all of the genes in each sample as 
input against and the data set supplied by Gene 
Ontology Institute and pathway gene set of MIT Broad 
Institute molecular signature database [48]. For each 
relevant comparison, the hsts of differentially expressed 
genes and Z-ratios were entered into the PAGE Pathway 
Analysis software to organize them according to known 
biological pathways. The enrichment Z-scores for each 
functional grouping were calculated based on the 
chance of mRNA abundance changes predicting these 
interactions and networks by Z-test. The />-value was 
calculated by comparing the number of user-specified 
genes of interest participating in a given function or 
pathway relative to the total number of occurrences of 
these genes in all pathway annotations stored in the 
knowledge base. All of the pathways must at least have 
three genes found in the microarray gene set. Pathways 
value < 0.05 and pathways fdr < 0.3 are the cutoff 
criteria for the significant pathway selection. The 
significant pathway results are further presented by 
cluster heat map for their association relations and by 
bar plot for their change patterns. The related gene sets 
in each pathway plus their expression patterns and the 
related pathway for each gene are also supplied. The 
genes in the pathway groups are supplied and their 
expression patterns are also indicated. Each gene's 
pathway information is also available. 

ACKNOWLEDGEMENTS 

We thank Drs. Nan-Ping Weng and Shepherd Schurman 
for critically reading this manuscript and offering 
suggestions throughout the course of this work, and Ms. 
Susanne Feehley for editorial assistance. This work 
was supported by the Intramural Research Program of 
the National Institute on Aging (Baltimore, MD). 

Conflict of Interest Statement 

The authors of this manuscript have no confiict of 
interests to declare. 

REFERENCES 

1. Bruunsgaard H and Pedersen BK. Age-related inflammatory 
cytokines and disease. Immunol Allergy Clin North Am. 2003; 
23:15-39. 

2. Ershler WB and Keller ET. Age-associated increased 
interleukin-6 gene expression, late-life diseases, and frailty. 
Annu Rev Med. 2000; 51:245-270. 

3. Ferrucci L, Corsi A, Lauretani F, Bandinelli S, Bartali B, Taub 
DD, Guralnik JM and Longo DL. The origins of age-related 
proinflammatory state. Blood. 2005; 105 2294-2299. 



www.innpactaging.com 



27 



AGING, January 2013, Vol.5 No.l 



4. Salminen A and Kaarniranta K. NF-kappaB signaling in the 
aging process. J Clin Immunol. 2009; 29:397-405. 

5. Baker RG, Hayden MS and Ghosh S. NF-kappaB, inflammation, 
and metabolic disease. Cell Metab. 2011; 13:11-22. 

6. Hayden MS and Ghosh S. NF-kappaB in immunobiology. Cell 
Res. 2011; 21:223-244. 

7. Oeckinghaus A, Hayden MS and Ghosh S. Crosstalk in NF- 
kappaB signaling pathways. Nat Immunol. 2011; 12:695-708. 

8. Thannickal VJ and Fanburg BL. Reactive oxygen species in cell 
signaling. Am J Physiol Lung Cell Mol Physiol. 2000; 279:11005- 
1028. 

9. Victor VM, Rocha M and De la Fuente M. Immune cells: free 
radicals and antioxidants in sepsis. Int Immunopharmacol. 2004; 
4:327-347. 

10. Remade J, Raes M, Toussaint O, Renard P and Rao G. Low 
levels of reactive oxygen species as modulators of cell function. 
Mutat Res. 1995; 316:103-122. 

11. Helenius M, Hanninen M, Lehtinen SK and Salminen A. 
Changes associated with aging and replicative senescence in the 
regulation of transcription factor nuclear factor-kappa B. 
Biochem J. 1996; 318:603-608. 

12. Helenius M, Kyrylenko S, Vehvilainen P and Salminen A. 
Characterization of aging-associated up-regulation of 
constitutive nuclear factor-kappa B binding activity. Antioxid 
Redox Signal. 2001; 3:147-156. 

13. Poynter ME and Daynes RA. Peroxisome proliferator- 
activated receptor alpha activation modulates cellular redox 
status, represses nuclear factor-kappaB signaling, and reduces 
inflammatory cytokine production in aging. J Biol Chem. 1998; 
273:32833-32841. 

14. Spencer NF, Poynter ME, Im SY and Daynes RA. Constitutive 
activation of NF-kappa B in an animal model of aging. Int 
Immunol. 1997; 9:1581-1588. 

15. Agrawal A, Tay J, Ton S, Agrawal S and Gupta S. Increased 
reactivity of dendritic cells from aged subjects to self-antigen, 
the human DNA. J Immunol. 2009; 182:1138-1145. 

16. Donato AJ, Eskurza I, Silver AE, Levy AS, Pierce GL, Gates PE 
and Seals DR. Direct evidence of endothelial oxidative stress 
with aging in humans: relation to impaired endothelium- 
dependent dilation and upregulation of nuclear factor-kappaB. 
Circ Res. 2007; 100:1659-1666. 

17. Buford TW, Cooke MB, Manini TM, Leeuwenburgh C and 
Willoughby DS. Effects of Age and Sedentary Lifestyle on Skeletal 
Muscle NF-{kappa}B Signaling in Men. J Gerontol A Biol Sci Med 
Sci. 2010. 

18. Trebilcock GU and Ponnappan U. Evidence for lowered 
induction of nuclear factor kappa B in activated human T 
lymphocytes during aging. Gerontology. 1996; 42:137-146. 

19. Trebilcock GU and Ponnappan U. Nuclear factor-kappaB 
induction in CD45RO+ and CD45RA+ T cell subsets during aging. 
Mech Ageing Dev. 1998; 102:149-163. 

20. Huang MC, Liao JJ, Bonasera S, Longo DL and Goetzl EJ. 
Nuclear factor-kappaB-dependent reversal of aging-induced 
alterations in T cell cytokines. Faseb J. 2008; 22:2142-2150. 

21. Larbi A, Pawelec G, Wong SC, Goldeck D, Tai JJ and Fulop T. 
Impact of age on T cell signaling: a general defect or specific 
alterations? Ageing Res Rev. 2011; 10:370-378. 

22. Miller RA, Berger SB, Burke DT, Galecki A, Garcia GG, Harper 
JM and Sadighi Akha AA. T cells in aging mice: genetic, 
developmental, and biochemical analyses. Immunol Rev. 2005; 
205:94-103. 



23. Han SN, Adolfsson O, Lee CK, Prolla TA, Ordovas J and 
Meydani SN. Age and vitamin E-induced changes in gene 
expression profiles of T cells. J Immunol. 2006; 177:6052-6061. 

24. Chen J, Mo R, Lescure PA, Misek DE, Hanash S, Rochford R, 
Hobbs M and Yung RL. Aging is associated with increased T-cell 
chemokine expression in C57BL/6 mice. J Gerontol A Biol Sci 
Med Sci. 2003; 58:975-983. 

25. Mo R, Chen J, Han Y, Bueno-Cannizares C, Misek DE, Lescure 
PA, Hanash S and Yung RL. T cell chemokine receptor expression 
in aging. J Immunol. 2003; 170:895-904. 

26. Mirza N, Pollock K, Hoelzinger DB, Dominguez AL and 
Lustgarten J. Comparative kinetic analyses of gene profiles of 
naive CD4+ and CD8+ T cells from young and old animals reveal 
novel age-related alterations. Aging Cell. 2011; 10:853-867. 

27. Utsuyama M, Hirokawa K, Kurashima C, Fukayama M, 
Inamatsu T, Suzuki K, Hashimoto W and Sato K. Differential age- 
change in the numbers of CD4+CD45RA+ and CD4+CD29+ T cell 
subsets in human peripheral blood. Mech Ageing Dev. 1992; 
63:57-68. 

28. Cossarizza A, Ortolani C, Paganelli R, Barbieri D, Monti D, 
Sansoni P, Fagiolo U, Castellani G, Bersani F, Londei M and 
Franceschi C. CD45 isoforms expression on CD4+ and CD8+ T 
cells throughout life, from newborns to centenarians: 
implications for T cell memory. Mech Ageing Dev. 1996; 86:173- 
195. 

29. McCarroll SA, Murphy CT, Zou S, Pletcher SD, Chin CS, Jan 
YN, Kenyon C, Bargmann CI and Li H. Comparing genomic 
expression patterns across species identifies shared 
transcriptional profile in aging. Nat Genet. 2004; 36:197-204. 

30. Lu T, Pan Y, Kao SY, Li C, Kohane I, Chan J and Yankner BA. 
Gene regulation and DNA damage in the ageing human brain. 
Nature. 2004; 429:883-891. 

31. Eraser HB, Khaitovich P, Plotkin JB, Paabo S and Eisen MB. 
Aging and gene expression in the primate brain. PLoS Biol. 2005; 
3:e274. 

32. Pletcher SD, Macdonald SJ, Marguerie R, Certa U, Stearns SC, 
Goldstein DB and Partridge L. Genome-wide transcript profiles in 
aging and calorically restricted Drosophila melanogaster. Curr 
Biol. 2002; 12:712-723. 

33. Lund J, Tedesco P, Duke K, Wang J, Kim SK and Johnson TE. 
Transcriptional profile of aging in C. elegans. Curr Biol. 2002; 
12:1566-1573. 

34. Rodwell GE, Sonu R, Zahn JM, Lund J, Wilhelmy J, Wang L, 
Xiao W, Mindrinos M, Crane E, Segal E, Myers BD, Brooks JD, 
Davis RW, et al. A transcriptional profile of aging in the human 
kidney. PLoS Biol. 2004; 2:e427. 

35. Acosta JC, O'Loghlen A, Banito A, Raguz S and Gil J. Control of 
senescence by CXCR2 and its ligands. Cell Cycle. 2008; 7:2956- 
2959. 

36. Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J, 
Nelson PS, Desprez PY and Campisi J. Senescence-associated 
secretory phenotypes reveal cell-nonautonomous functions of 
oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 2008; 
6:2853-2868. 

37. Ling SM, Patel DD, Garnero P, Zhan M, Vaduganathan M, 
Muller D, Taub D, Bathon JM, Hochberg M, Abernethy DR, Metter 
EJ and Ferrucci L. Serum protein signatures detect early 
radiographic osteoarthritis. Osteoarthritis Cartilage. 2009; 17:43- 
48. 

38. Gangemi S, Basile G, Monti D, Merendino RA, Di Pasquale G, 
Bisignano U, Nicita-Mauro V and Franceschi C. Age-related 



www.innpactaging.com 



28 



AGING, January 2013, Vol.5 No.l 



modifications in circulating IL-15 levels in hunnans. Mediators 
Inflamm. 2005; 2005:245-247. 

39. van Bergen J, Thonnpson A, van der Slik A, Ottenhoff TH, 
Gussekloo J and Koning F. Phenotypic and functional 
characterization of CD4 T cells expressing killer Ig-like receptors. 
J Immunol. 2004; 173:6719-6726. 

40. van Bergen J, Kooy-Winkelaar EM, van Dongen H, van Gaalen 
FA, Thompson A, Huizinga TW, Feltkamp MC, Toes RE and 
Koning F. Functional killer Ig-like receptors on human memory 
CD4+ T cells specific for cytomegalovirus. J Immunol. 2009; 
182:4175-4182. 

41. Liu K, Li Y, Prabhu V, Young L, Becker KG, Munson PJ and 
Weng N. Augmentation in expression of activation-induced 
genes differentiates memory from naive CD4+ T cells and is a 
molecular mechanism for enhanced cellular response of 
memory CD4+ T cells. J Immunol. 2001; 166:7335-7344. 

42. Hess K, Yang Y, Golech S, Sharov A, Becker KG and Weng NP. 
Kinetic assessment of general gene expression changes during 
human naive CD4+ T cell activation. Int Immunol. 2004; 16:1711- 
1721. 



43. Tam WF, Lee LH, Davis L and Sen R. Cytoplasmic 
sequestration of rel proteins by IkappaBalpha requires CRMl- 
dependent nuclear export. Mol Cell Biol. 2000; 20(6):2269-2284. 

44. Banerjee D, Liou HC and Sen R. c-Rel-dependent priming of 
naive T cells by inflammatory cytokines. Immunity. 2005; 23:445- 
458. 

45. Garg S, Nichols JR, Esen N, Liu S, Phulwani NK, Syed MM, 
Wood WH, Zhang Y, Becker KG, Aldrich A and Kielian T. MyD88 
expression by CNS-resident cells is pivotal for eliciting protective 
immunity in brain abscesses. ASN Neuro. 2009; 1(2). 

46. Cheadle C, Vawter MP, Freed WJ and Becker KG. Analysis of 
microarray data using Z score transformation. J Mol Diagn. 2003; 
5:73-81. 

47. Kim SY and Volsky DJ. PAGE: parametric analysis of gene set 
enrichment. BMC Bioinformatics. 2005; 6:144. 

48. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert 
BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES 
and Mesirov JP. Gene set enrichment analysis: a knowledge- 
based approach for interpreting genome-wide expression 
profiles. Proc Natl Acad Sci USA. 2005; 102:15545-15550. 



SUPPLEMENTAL DATA 



Figure SI. Flow cytometric analysis of cell populations 
used in this study. Representative example of flow 
cytometric analysis from one donor to indicate gates 
used in this study. Anti-CD4-PE mAb, anti-CD45RA-APC 
mAb, anti-CD45ROPE mAb were used for flow 
cytometry. Dead cell and debris were excluded using 
PI gate (A); the percentage of lymphocytes within PI 
was quantitated using P2 gate (B). The majority of cells 
in P2 were CD4+ T cells (C). Distribution of CD45RA+ 
and CD45RO+ cells within P2 was determined by dual 
staining with appropriate antibodies (D). Percentage of 
cells in quadrants Ql and Q4 were denoted CD45RA+ 
and CD45RO+, respectively (summarized in Table SI). 
(E) Average proportions of CD45RA+ and CD45RO+ 
cells in donors less than 65 years of age (Young) or 65 
years and higher (Old) obtain from the data in Table 
SI. The comparable proportions of CD45RA+ and 
CD45RO+ cells in our Y and 0 cohorts is probably 
because RA+/RO+ ratio levels off in CD4+ T cells 
between second and third decile of life (Cossarizza et 
oi 1996 Mech. Ageing Dev. 86:173-95). In our Y cohort 
the number of 20-39 year-olds is 4 out of a total of 20. 







P1 . 





















B 




I ' ' ' ' I ' ' ' ' I ' 

100 150 200 250 
FSC-A Cx 1.000) 





&^?... ' 


^ 


Q4 



CD45RO PE-A 



60 



40 



20 



|n%RA 

1 m%R0 



Young 



Old 



www.innpactaging.com 



29 



AGING, January 2013, Vol.5 No.l 



A ND59 ND60 BL16 

anti-CD3 (h) 024 024 024 



SP1 

p65/RelA 
p-actin 
TBP 



NE 

Age (years) 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

mm mm ^ M SP1 

M^MWi* p65/RelA 

• ..MWMM.-. |)-actin 

TBP 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 



B 



# ^ # / / «^ 



SP1 ( 
p-actin ( 



123456 789 



Age (years) 



^ <^ <^ <^ <^ 



<^ <^ 



SP1 

p65/RelA 
, p-actin 



. TBP 



8 9 10 11 12 13 14 



Figure S2. Nuclear p65/RelA levels in CD4+ T cells. 

Primary human CD4+ T cells treated with plate-bound anti- 
CD3 antibodies for 2h and 4h. Nuclear extracts prepared 
from these cells were examined for basal and inducible RelA 
levels by immunoblotting. (A) Three control proteins 
typically used to normalize between extracts to compare 
between extracts from the same individual, (B) Levels of all 
three varied sufficiently between individuals to preclude any 
meaningful interindividual comparisons. (C) Nuclear 
p65/RelA expression in unactivated human peripheral blood 
CD4+ T lymphocyte. Purified CD4+ T cells were incubated at 
37oC for 4h in the absence of anti-CD3 antibody. Nuclear 
extracts (NE) were fractionated by SDS-PAGE, transferred to 
PVDF membranes and probed with antibodies directed 
against p65/RelA, transcription factors SPl and TATA binding 
protein (TBP), or (3 actin. Each gel has nuclear extracts from 
10 donors (indicated above the lanes) arranged by age. 
Equal amounts of nuclear extracts (NE) from untreated cells 
used and compared basal p65/RelA levels between 
individuals to a serially diluted control cytoplasmic extract 
(CE) shown in lanes 1-4 of each gel. 
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Figure S3. Anti-CD3-activated CD4+ T cells. (A) Measure 
of absolute p65/RelA levels in anti-CD3-activated CD4+ T 
cells. p65/RelA levels from columns 7-9 in Table S4 were 
averaged into two groups including subjects younger than 65 
(Y), or 65 years and older (0), and graphed. Error bars reflect 
the standard error of the mean (±SEM) (in young 0.16; 0.26; 
0.36) (in old 0.08; 0.30; 0.33) (B) Same analyze done for 
subjects middle age (M) (50-64) and 65 years and older. 
Error bars reflect the standard error of the mean (±SEM) (in 
middle 0.24; 0.37; 0.52) (in old 0.08; 0.30; 0.33) 
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Figure S4. NF-kB induce pathway gene expression in anti-CD3 activated human peripheral blood CD4+ T 
lymphocytes. (A) Normalized hybridization data was analyzed using PAGE (Broad Institute, M.I.T., Cannbridge MA). Top 20 
Pathway Z-scores after 2h (left panel) and 4h (right panel) of activation were averaged between less than 65 (Y) and 65 and older 
(0) subjects and the Z-score difference between 0 and Y is shown on the X-axis. Blue and red bars represent younger and older 
subjects, respectively. Each row denotes a different pathway. Z-score differences shown were statistically significant by pathways p- 
value < 0.05 and pathways fdr < 0.3, (B) Significantly induced genes in the NF-kB -induced pathway after 2h (left) or after 4h (right) 
activation in the older subject group and (C) in the younger subject group. 
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Figure S5. Age associated gene expression change 
pattern heat map. Top 50 differentially up- (red) and down- 
(green) regulated genes in CD4+ T cells fronn Old (0) (>65) and 
Young (Y) (<65) donors after 4h TCR activation. These genes 
were selected based on the absolute value of the Zratios 
annong the statistically significant selected genes (40-4Y, 
colunnn 1), 0 (colunnn 2) and the Y (colunnn 3). Genes 
highlighted within the red box were induced in both 0 and Y 
groups, the green box were repressed in both 0 and Y groups, 
the blue box genes were induced in Y but not in 0 groups. 
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Ivmphocvtes 


CD4+ 


ra: 






Donor # 


Sex 


Age 


% of PI 


% of P2 


% of P2 


% of P2 




ND29 


M 


25 


92.3 


99.6 


49.2 


41.1 




ND60 


F 


29 


94.1 


99.4 


30.3 


51.1 




ND33 


M 


30 


87.2 


99.0 


21.8 


73.1 




BL10 


M 


30 


91.3 


99.3 


43.4 


12.2 




ND55 


M 


40 


92.1 


99.0 


29.3 


32.7 




ND57 


F 


40 


92.4 


99.2 


27.5 


61.4 




ND58 


F 


41 


87.7 


98.7 


27.2 


44.6 




ND53 


M 


43 


91.5 


98.9 


21.8 


36.7 




ND32 


M 


52 


86.9 


99.0 


28.5 


12.2 




ND36 


M 


52 


79.9 


99.3 


19.8 


56.6 


<65 


ND59 


M 


52 


94.0 


99.5 


15.0 


38.4 




BL01 


F 


55 


91.4 


99.4 


none 


none 




BL08 


F 


55 


91.3 


99.4 


28.6 


60.2 




BL21 


M 


55 


84.0 


99.2 


23.1 


51.9 




BL11 


F 


57 


89.6 


99.2 


27.5 


32.5 




BL04 


M 


60 


88.5 


99.2 


28.3 


57.1 




BL12 


M 


60 


86.0 


98.4 


12.4 


42.9 




BL19 


F 


61 


89.0 


99.4 


61.6 


15.7 




BL20 


F 


62 


64.3 


98.1 


5.5 


85.1 




BL18 


M 


63 


92.9 


99.2 


30.2 


22.6 




BL03 


F 


68 


83.4 


98.7 


41.9 


45.2 




BL16 


F 


70 


76.4 


98.6 


65.1 


3.7 




BL17 


M 


70 


87.3 


99.4 


46.6 


31.0 




ND31 


F 


71 


88.6 


99.5 


23.8 


68.3 




BL06 


F 


71 


91.4 


99.6 


29.5 


51.9 




BL22 


M 


72 


88.6 


99.5 


20.2 


63.1 


>65 


BL07 


M 


73 


86.8 


99.2 


none 


none 




BL09 


M 


75 


93.8 


99.5 


40.2 


34.6 




BL13 


F 


75 


90.0 


98.9 


26.7 


45.6 




BL05 


M 


77 


89.2 


99.4 


26.1 


58.9 




BL02 


F 


81 


88.5 


99.6 


19.4 


70.6 





Table SI. Summary of CD4+ T cell purity (column 5) and CD45RA+ and CD45RO+ distribution (columns 
6 and 7) as determined by flow cytometry described in Fig. SI. ND indicates Normal Donor; BL indicates 
BLSA Donor. Younger (< 65 years) and older (> 65 years) cohort groups are indicated to the right of the table. CD4+ 
T cells were isolated fronn a total of 31 donors for this study whose donor nunnber, sex and age are shown. BLSA 
nnarked donors were volunteers in the Baltinnore Longitudinal Study on Aging. 
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Controls Age Calib Vol(^g) 



B 



C 





(0 


C 




0.5 


c 
.2 


o 


0 




1 


Dilut 


Cont 


c 
c 




2 
4 






ND29 


25 


1.43 






ND60 


29 


1.95 






ND33 


30 


0.5 
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30 
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tf) 

0) 




ND55 


40 


1.09 


a 
E 




ND57 


40 


1.6 


n 
(0 




ND58 


41 


1.21 






ND53 


43 


0.73 






ND32 


52 


1.03 






ND36 


52 


1.88 






Controls 


Age 


Calib Vol(^g) 


ilution 


)ntrols 


C 
C 
C 




0.5 
1 
2 


Q 


O 


C 




4 






ND59 


52 


1.99 






BL01 


55 


2.7 






BL08 


55 


1.39 






BL21 


55 


0.58 


nples 




BL11 


57 


0.39 




BL04 


60 


0.68 


(0 
(0 




BL12 


60 


1.22 




BL19 


61 


1.18 






BL20 


62 


1.16 






BL18 


63 


3.16 






Controls 


Age 


Calib Vol()ag) 


Dilution 


Controls 


O O O O 




0.5 
1 
2 
4 






BL03 


68 


0.95 






BL16 


70 


0.78 






BL17 


70 


0.78 






ND31 


71 


1.03 


(0 
0) 




BL06 


71 


0.73 


a 
E 




BL22 


72 


2.13 


(0 
0) 




BL09 


75 


1.11 






BL13 


75 


1.08 






BL05 


77 


0.86 






BL02 


81 


0.37 



Table S2. Quantitation of p65/RelA expression in unactivated CD4+ T cells shown in Figure S2 C. 

Nuclear p65/RelA expression in 29 sannples displayed in Fig S2 C. Sannple BL22 was excluded fronn this analysis 
because the extract was derived fronn different cell nunnbers. After autoradiography the filnn was scanned using 
Epson Perfection 4990 Photo scanner and the innage innported into Innage Quant TL (GE Healthcare). Quantitation 
of p65/RelA and control proteins was carried out in accordance with the nnanufacturers instruction for Quantity 
calibration. A standard curve based on the intensity of control cytosolic extracts was plotted, fronn which absolute 
levels of p65/RelA in test nuclear extracts was calculated for each sannple (expressed in arbitrary units). 
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(intensity of Oh) 


(intensity of 2h) 


(intensity of 4h) 


Donors 


Oh 


2h 


4h 


ND29 


201151.67 


265305.75 


328314.54 


ND60 


229366 


372300 


350679 


ND33 


106958.55 


304729.97 


442138.92 


BL10 


175860 


380260 


480010 


ND55 


326817 


536422 


550345 


ND57 


302072 


417930 


415452 


ND58 


234931 


376926 


429728 


ND53 


149734 


272060.45 


290108.5 


ND32 


67320 


176096.5 


240088.59 


ND36 


106056 


226633.78 


384849.92 


ND59 


197792 


373070 


379530 


BL01 


174162 


322405.8 


391507.4 


BL08 


178673 


271626.18 


418993.03 


BL21 


97497 


231346 


336739 


BL11 


21905.68 


211165 


259016 


BL04 


288381 


356925 


399146 


BL12 


201246 


296932.04 


206175.5 


BL19 


152084 


317213 


367644.63 


BL20 


66461 


224702.5 


301213 


BL18 


456552 


612264 


604314.5 


BL03 


131915 


298762 


319795.87 


BL16 


43834.79 


212792 


219384.5 


BL17 


241776 


441338 


533976.5 


ND31 


337006 


404735 


473846 


BL06 


254387.09 


529930.65 


634780.95 


BL09 


150339 


219316 


366784.56 


BL13 


184118 


306192 


306865.5 


BL05 


403559.5 


482018 


446672 


BL02 


219415 


336449 


270286 



Table S3. p65/RelA nuclear expression in human peripheral blood CD4+ T lymphocytes activated via the T 
cell antigen receptor. Quantitation of nuclear p65/RelA expression in anti-CD3 activated hunnan CD4+ T 
lynnphocytes. Nuclear extracts fronn untreated cells or cells treated for 2h and 4h were separated by SDS-PAGE 
followed by innnnunoblotting with anti-p65 antibodies described in Methods. Autoradiographs were scanned and 
quantitated using Innage Quant TL software as described in the legend to Table S2. Nunnbers represent p65/RelA signal 
intensity in untreated cells (Oh) and cells activated for 2h or 4h. Donor identification is provided in the left colunnn. 
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(Calibrated Oh x 


(Calibrated Oh x 






Y (<65) 


(Normalize to Oh) 


(Normalize to Oh) 


(Normalize to Oh) 


(Calibrated Oh) 


Normalized 2h) 


Normalized 4h) 


Donors 


Age 


O (>65) 


Oh 


2h 


4h 


Oh 


2h 


4h 


ND29 


25 


Y 




1.32 


1.63 


1.43 


1.89 


2.33 


ND60 


29 


Y 




1.62 


1.53 


1.95 


3.17 


2.98 


ND33 


30 


Y 




2.85 


4.13 


0.50 


1.42 


2.07 


BL10 


30 


Y 




2.16 


2.73 


1.34 


2.90 


3.66 


ND55 


40 


Y 




1.64 


1.68 


1.09 


1.79 


1.84 


ND57 


40 


Y 




1.38 


1.38 


1.60 


2.21 


2.20 


ND58 


41 


Y 




1.60 


1.83 


1.21 


1.94 


2.21 


ND53 


43 


Y 




1.82 


1.94 


0.73 


1.33 


1.41 


ND32 


52 


Y 




2.62 


3.57 


1.03 


2.69 


3.67 


ND36 


52 


Y 




2.14 


3.63 


1.88 


4.02 


6.82 


ND59 


52 


Y 




1.89 


1.92 


1.99 


3.75 


3.82 


BL01 


55 


Y 




1.85 


2.25 


2.70 


5.00 


6.07 


BL08 


55 


Y 




1.52 


2.35 


1.39 


2.11 


3.26 


BL21 


55 


Y 




2.37 


3.45 


0.58 


1.38 


2.00 


BL11 


57 


Y 




9.64 


11.82 


0.39 


3.76 


4.61 


BL04 


60 


Y 




1.24 


1.38 


0.68 


0.84 


0.94 


BL12 


60 


Y 




1.48 


1.02 


1.22 


1.80 


1.25 


BL19 


61 


Y 




2.09 


2.42 


1.18 


2.46 


2.85 


BL20 


62 


Y 




3.38 


4.53 


1.16 


3.92 


5.26 


BL18 


63 


Y 




1.34 


1.32 


3.16 


4.24 


4.18 


BL03 


68 


o 




2.26 


2.42 


0.95 


2.15 


2.30 


BL16 


70 


o 




4.85 


5.00 


0.78 


3.79 


3.90 


BL17 


70 


o 




1.83 


2.21 


0.78 


1.42 


1.72 


ND31 


71 


o 




1.20 


1.41 


1.03 


1.24 


1.45 


BL06 


71 


O 




2.08 


2.50 


0.73 


1.52 


1.82 


BL09 


75 


0 




1.46 


2.44 


1.11 


1.62 


2.71 


BL13 


75 


O 




1.66 


1.67 


1.08 


1.80 


1.80 


BL05 


77 


0 




1.19 


1.11 


0.86 


1.03 


0.95 


BL02 


81 


0 




1.53 


1.23 


0.37 


0.57 


0.46 



Table S4. Nuclear p65/RelA expression levels in untreated (Oh) cells, and after 2h and 4h of activation 
with anti-CD3. p65/RelA levels in CE titration are assigned the values 0.5, 1, 2, 4 in arbitrary units. Fold activation 
and absolute p65/RelA levels in hunnan CD4+ T cells activated by anti-CD3 treatnnent. The fold activation in 
response to anti-CD3 was obtained by deternnining the increase in p65/RelA levels connpared to that in untreated 
cells. For this, the intensity nneasurennents for all sannples fronn a subject (Table S3) were divided by the value in 
untreated cells. Thus, untreated cells fronn all subjects get a value 1 (colunnn 4); colunnns 5 and 6 show the increase 
in p65/RelA after 2h or 4h anti-CD3 treatnnent connpared to untreated cells. To obtain a nneasure of the absolute 
levels of p65/RelA in activated cells (colunnns 8 and 9) we nnultiplied the fold activation at each tinne point with the 
absolute level (in arbitrary unites ) of p65/RelA in untreated cells obtained fronn the data in Fig. S2 C and Table S2, 
which is reproduced here in colunnn 7. 
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